Sediment load prediction is very important in planning, operation, and maintenance of water structures located on rivers. The sediment loads exhibit random characteristics due to the uncertain nature of sediment transportation in rivers. To predict suspended sediment load, stochastic processes, regression methods, neural network models, and fuzzy logic have been used in the literature so far. The purpose of this study was to develop a model that can make accurate predictions of suspended sediment loads. Here, a combination of wavelet and fuzzy logic techniques (WFL) is proposed as a new technique to model the behavior of sediment load. While the wavelet method is able to decompose the original series into its sub-bands, fuzzy logic method can be used as a predictive model for each sub-band. It is possible to detect significant power at specific intervals from average wavelet spectra. The WFL was compared with the stand-alone fuzzy logic approach based on the Nash-Sutcliffe Sufficiency Score (NSSS), mean absolute error (MAE), and square of correlation coefficient (R) used as performance indicators. The results of the study show that the WFL provides a considerable improvement over the stand-alone fuzzy logic approach in the prediction of sediment load.
INTRODUCTION
The amount of sediment load is an important input to determine the dimensions of hydraulic structures such as dams, diversion weirs, and settling basins. To determine the sediment deposition properly, it is necessary to predict suspended sediment loads in rivers. The sediment transportation is also closely related to basin erosion.
The suspended sediment load modeling in rivers is one of the most complex problems in hydrology. The variables used in modeling include various uncertainties. Several processes, such as basin erosion and river bed motion for suspended sediment load generation in rivers increase the complexity of the sediment prediction problem. To predict the suspended sediment load in rivers, in addition to basin parameters such as area and slope, meteorological and hydrological variables such as precipitation and discharge, respectively, are used. There are many sediment prediction models proposed in the literature. These are parametric models (Vansickle & Beschta ) , regression models (Sinnakaudan et al. ) , artificial neural network (ANN) models (Nagy et al. ) , fuzzy logic models (Kisi et Hydrological processes can be modeled using empirical (black-box), conceptual (grey-box) and physically based methods (white-box). Black-box models involve mathematical equations derived not from the physical processes, but from the analyses of concurrent input and output time series. Black-box models can be further divided into three main groups: empirical hydrological methods, statistically based methods, and hydroinformatics-based methods (Abbott & Refsgaard ) . Compared to physically based sediment models, it is shown that statistically based models, such as time series modeling approaches, are easy to use and give satisfactorily results. Rajaee et al. () studied neural network, multiple regression, and sediment rating curve models for daily simulation of suspended sediment loads.
Comparison of the results indicated that the neural network model outperforms other models. Sediment rating curve and its application by artificial neural networks was achieved by Jain (). Abrahart & White () proposed a neural network model for sediment transportation. In addition to those stand-alone approaches, hybrid models that use wavelet technique along with stand-alone approaches have become widely used in sediment load predictions. A conjunction method (wavelet-ANN) for suspended sediment load prediction was proposed by Partal & Cigizlioglu () to demonstrate the performance of the hybrid method over the stand-alone ANN method. In this wavelet-ANN method, the data were decomposed by discrete wavelet transformation and the generated new series was used as inputs into the ANN model. It is shown that the combined wavelet-ANN has better performance than the stand-alone ANN method. Wavelet combination models have been used for predicting different hydrological variables. A WNF conjunction method for prediction of precipitation was used in Turkey. The daily precipitation data of three stations were used in the study. The observed daily precipitation values were decomposed into sub-series by using discrete wavelet transform and then selected sub-series were used as inputs to the neuro-fuzzy models. It is shown that the WNF model provided good results compared to other classical approaches (Partal ) . Partal () showed that the combined wavelet transform and neural network methods could be applied successfully for evapotranspiration modeling from climatic data. Wei et al. () developed a wavelet-neural network hybrid modeling approach for the prediction of river discharge using monthly time series data. A discrete wavelet multi-resolution method was employed to decompose the river discharge time series data into its sub-series with low and high frequencies, and these sub-series were then used as input data for the artificial 
MATERIALS AND METHODS

Data
The monthly measured suspended sediment data used in this study were collected from four different stations located in Corukhi River and miscellaneous East Black Sea basins. Figure 1 depicts the locations of the stations taken into consideration.
Suspended sediment samples were collected by using the depth integration method that represents entire depth and profile of a river cross-section. The US DH-48 type sampler was used for the collection of suspended-sediment samples. It is designed to sample isokinetically, meaning that water and sediment enters the nozzle at the same velocity during sampling to collect representative data. After onsite sampling, sediment concentration and sediment grain size distribution are determined by filtration technique in a laboratory study.
The study area has very rough topographic conditions. The amount of sediment discharge reaches its peak value during this season in all stations and it decreases to a normal amount in the rest of the year. Thus, the time series of sediment discharge includes sudden jumps from the normal values which makes prediction difficult.
Description of the methods used
Fuzzy logic approach
Fuzzy logic is based on set theory. In the classical approach, an object is either in the set or not. Mathematically, in terms of membership, when the object is an element of the set, the value is accepted as '1' and when it is not an element of the set, the value is accepted as '0' Fuzzy sets are an extension of the classical notion set (Zadeh ). The basic principles of fuzzy logic in the classical approach, Aristo's system, are, a proposal is either true or false. In a fuzzy logic system, a proposal may be true or false. Also, it can have an intermediate truth value. The classical approach allows only two quantifiers, 'all' and 'some'. Fuzzy logic allows these quantifiers, too. Besides this, fuzzy logic allows more quantifiers like 'most', 'many', 'several', 'few', etc. In fuzzy logic, every logical unit could become fuzzified. In fuzzy logic, every object has a degree (between 0 and 1). The fuzzy logic analysis and control method steps can be described as: (1) receiving one or a large number of measurements or other assessments of conditions existing in some system that will be analyzed or controlled; (2) processing all received inputs according to human-based, fuzzy 'if-then' rules, which can be expressed in simple language (words) and combined with traditional non-fuzzy processing; and (3) 
Continuous wavelet transform
Wavelet transform (WT) makes the analysis of a signal in time and scale domains possible and it has been employed for investigating non-stationary time series recently. This approach is also known as multi-resolution analysis. WT can detect the time of occurrence of a particular event that Fourier transform (FT) cannot perform. In other words, while FT decomposes a signal into sine waves of several frequencies, WT decomposes a signal into a shifted and scaled version of the original wavelet (Özger ) . Wavelet is a small wave and its form tends to be asymmetric and irregular unlike sine waves. The basic wavelet function, (ψ (t)), also called the mother wavelet, can be given in the following form:
The continuous wavelet transform is defined as:
where s is the scale parameter (it indicates dilation if s > 1 or contraction if s < 1) and T is the translation parameter interpreted as shift of the wavelet function. In the present study, since relatively better prediction results were obtained, the selected algorithm was assumed to be satisfactory for the wavelet analysis.
The combined wavelet fuzzy logic model (WFL)
Wavelet transform is a technique that uses wavelets to The significant spectral bands can be selected based on the average wavelet spectra, which show the variation of power with scales. Thus, at the end, we have a number of different sub-series, each of which carries specific information about the process. Conversely, each predictor time series is separated into a number of sub-series using the same spectral bands as that of the predictand. Equations (3)- (6).
Here, Q s (t) shows the sediment discharge at time t, a, b, and c are the model parameters, and y is the result of each rule. The final result is obtained as weighted average using Equation (7) as a defuzzification method.
y ¼ w 1 y 1 þ w 2 y 2 þ w 3 y 3 þ w 4 y 4 P w
where w is the weighting factor andŷ is the final defuzzified model result.
Performance indicators
A number of statistical methods can be used to evaluate the performance of proposed models. In this study, the NashSutcliffe Sufficiency Score (NSSS), mean absolute error (MAE), and square of correlation coefficient (R) were used as performance indicators, as they are widely used in the literature.
where n is the number of data points, S o and S p are the observed and predicted suspended sediment loads, respect- 
RESULTS AND DISCUSSION
The Table 2 . In this study, two-thirds of the time series were selected as training data and the remaining part was left for testing the models. The prediction performances of the FL and WFL models are presented in Tables 3 and 4, respectively.
Overfitting is an important problem in fuzzy model training. When a network overfits the training data, its correlation coefficient reaches the maximum value.
Conversely, such networks usually give bad results for the test and validation samples. Therefore, the test and validation sample correlation coefficients should be taken into consideration for selecting the best model scenarios. The 
CONCLUSIONS
Sediment load predictions are important for the planning, operation, and maintenance of water structures. In a river, sediment discharges exhibit random behavior that makes sediment load prediction very difficult. In this study, sediment loads were predicted by fuzzy logic (FL) and wavelet fuzzy logic (WFL) approaches. Monthly sediment loads measured at Baglik, Camlikaya, Esiroglu, and Coskunlar stations were employed to set up the predictive models. Previous sediment discharge values were used to predict 1-month ahead value.
Fuzzy logic models may become unable to predict suspended sediment time series due to high non-stationarity and non-linearity, if pre-processing of the input and/or output data is not performed. Wavelet technique was used to decompose sediment time series into its sub-series. Average wavelet spectra were used to decide the selection of bands and, then, each sub-series was modeled by the fuzzy logic approach. It is shown that WFL gives better results than single fuzzy logic modeling. As a result, it can be concluded that using the continuous wavelet transformation as a pre-processing technique can improve the model accuracies significantly.
The combined wavelet method can include boundary effects especially for the low frequency assessments. Various algorithms can be employed to minimize these boundary effects. Conversely, wavelet transforms with down-sampling can give very different coefficients when the input signal is shifted. This can be the main limitation of wavelet transforms in the sediment discharge time series analysis. To overcome this problem, the application of complex discrete wavelet transform (CDWT) can be suggested.
As a future direction, the proposed approach can be tested for higher time resolutions, such as daily and hourly, and integrated into physically based hydrological models.
